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Tropical soils typically have low cation exchange capacity and nutrient contents. Both
are enhanced by soil organic matter (SOM), which is thus particularly important for the
fertility of these sails. In this study, we assessed the influence of urbanization on SOM,
carbonate contents and pH of arable soils of Kumasi (Ghana, West Africa), since rapid
urban sprawl is widespread in West Africa, whereby in many West African cities urban
farming is pivotal to the food security of their population. Based on satellite imagery for the
year 1986, we defined long-term and short-term urban arable soils, whereby long-term
urban soils were urban already in 1986 (thus >30 years, as soil sampling took place
in 2016), and short-term urban soils became urban afterwards (<30 years). We took
618 undisturbed topsoil samples (0-10cm) from 206 urban arable fields. The factors
land-use (maize fields) and soil (Ferric Acrisols) were kept largely constant. The fine-earth
was analyzed for pH (water), carbonate contents, loss on ignition (LOI), total C (TC) and
N (TN). SOM contents were obtained from LOI (SOM| ). All element contents were
transformed to bulk soil element stocks per m2. Differences between short-term and
long-term urban soils were identified by a set of linear mixed models. Coarse fragments
were more abundant in the long-term (16%) compared to the short-term (10%) urban
soils, because of solid municipal waste that accumulates over time in urban soils. TC
and SOM| g, concentrations of the fine earth, pH and C/N ratios were all significantly
higher in the long-term urban soils. SOC concentrations in the fine earth, as well as bulk
soil stocks of TC, SOC, and SOM, o were also higher in the long-term urban soils, but
at a lower degree of confidence, due to variable bulk densities and contents of coarse
fragments. We conclude that dumping of organic and inorganic waste (including ash,
bones, egg shells, concrete and mortar) increases SOM stocks and soil pH, but also
leads to accumulation of non-degradable solid materials (including plastic, metals etc.).
These findings point to the need of an improved urban waste management system,
separating degradable and non-degradable waste.

Keywords: urbanization, Ghana, West Africa, tropical soils, urban farming, soil organic matter, soil pH, household
waste
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INTRODUCTION

Soil organic matter (SOM) plays a vital role in soil fertility,
biogeochemical cycling and mitigation of climate change (Lal,
2004; Lal and Augustin, 2012). For instance, SOM strongly
influences soil fertility, because it is a major source of multiple
plant nutrients (such as C, N, P, and exchangeable bases) and
hence plays a key role for element cycling in the soil-plant
system (Blume et al.,, 2016; Brady and Weil, 2017). SOM also
provides energy and habitat for soil fauna, whose activity further
enhances soil quality indicators, such as soil structure and
nutrient availability amongst others (Magdoff and Weil, 2004;
Brock et al., 2017). SOM moreover conditions the soils’ texture
and porosity, thereby improving water and nutrient retention
as well as resilience of soils against mechanical stress (Lal,
2004; Brady and Weil, 2017; Brock et al., 2017). Additionally,
dynamics of SOM make soils sources or sinks of atmospheric
CO;, (Heitkamp et al., 2012). Hence, the quantity and quality of
SOM is a vital indicator of soil quality and soil functioning (Brock
etal., 2017).

It is thus of utmost importance to properly manage SOM
stocks in soils to ensure crop production, particularly for
nutrient-poor tropical soils (Lal, 2004). It is well-recognized that
continued cultivation without sufficient fertilizer input leads to
decline of SOM and nutrient supply in tropical soils (Bationo
et al., 2007; Zingore et al., 2007, 2008). In this regard, inherently
low soil fertility and depletion of nutrients are identified as
major constraints to agriculture in sub-Sahara Africa (Sanchez
et al., 1997). For instance, Stoorvogel and Smaling (1990) and
Stoorvogel et al. (1993) calculated negative nutrient balances for
arable fields in sub-Sahara Africa in the 1980s. Bationo et al.
(2007) estimated a mean annual loss of 2-5% soil organic carbon
(SOC) in cultivated soils of West Africa. Application of manure
or compost as well as mulching have been identified as pivotal to
proper SOM stock management in most tropical arable soils of
sub-Sahara Africa (Bationo et al., 2007). Boateng et al. (2006) and
Zingore et al. (2008) demonstrated that maize yields increased in
response to manure application in Zimbabwe and Ghana. Both
studies reiterated the findings of Bationo and Mokwunye (1991)
and Bationo et al. (2004), who pointed to the benefit of applying
manure to tropical arable fields in sub-Sahara Africa, which
enhances multiple soil quality indicators. An increase in SOM
stocks thus leads to increased agricultural yields and enhanced
functioning of tropical soils as carbon sinks, even at low carbon
sequestration rates (Lal, 2004; Lopez-Ulloa, 2006).

There are thresholds of SOC concentrations beyond which
tropical soils may fail to provide basic ecosystem functions (Lal,
2004). Aune and Lal (1997) estimated the threshold of SOC
concentration for productive maize fields in the tropics at 1.1%.
Yet, it has been a major challenge to increase SOM concentrations
of tropical soils. This difficulty is partly attributable to
tropical climatic conditions that reduce the residence time of
SOM (Amundson, 2001). Unlike their temperate counterparts,
humid-tropical ecosystems feature temperature and precipitation
regimes that enhance the biological, physical and chemical
breakdown of SOM (Kirschbaum, 2000; Amundson, 2001).
Amundson (2001) calculated a mean SOM residence time of 5

years in moist tropical soils compared to 9-14 years residence
time in temperate regions, thus, suggesting a faster SOM
turnover in tropical ecosystems that is relatively more sensitive
to environmental changes, including land-use changes (Lopez-
Ulloa, 2006). As a global phenomenon, urbanization is one of the
major types of land-use changes. However, its direct influence on
SOM stocks of tropical soils is still largely unknown.

The influences exerted by the agents of urbanization, such
as housing, commerce, traffic, construction and waste, amongst
others, differentiate soils in cities from soils in natural, semi-
natural and agricultural areas (Lehmann and Stahr, 2007; Lorenz
and Lal, 2009). For instance, soils in cities have developed
from anthropogenic parent material and under the influence
of the urban island heat effect (Sauer and Burghardt, 2006;
Lorenz and Lal, 2009; Pouyat et al.,, 2010). Urbanization may
moreover lead to compacted, polluted and sealed soils due
to construction and infrastructure development (Lehmann and
Stahr, 2007). Such extreme anthropogenically altered soils need
to be distinguished from soils that even in urbanized areas
do not necessarily turn into artificialized soils, which may e.g.,
underlie urban green infrastructure, such as parks, forests and
arable fields (Edmondson et al., 2014; Joimel et al., 2016). With
more than half of the global human population already living in
urban environments, functions of urban soils that underlie the
provision of various ecosystem services have been investigated
in several studies (Baveye et al., 2016). Ecosystem services, such
as microorganism habitat and carbon sequestration services may
be enhanced in urban soils (Pouyat et al, 2002; Lorenz and
Kandeler, 2005; Lorenz et al., 2006; Liu et al., 2018). Conversely,
contamination of urban soils by heavy metals may endanger
their potential for the provision of some ecosystem services
(Anikwe, 2002; Imperato et al., 2003; Cardoso, 2014). Waste
from households and industry is regarded as one of the key
agents of urbanization that may alter soil properties (Bouma,
2016), including enhancement of ecosystem services provision
and contamination of urban soils as mentioned above. Against
this background, it has been proposed to harness the potentials of
organic household waste as compost, particularly for cities in the
global south (Drechsel and Kunze, 2001). However, many of the
interrelations between urbanization and soil functioning remain
unclear (Byrne, 2007; Lorenz and Lal, 2009), especially for cities
in West-Africa.

Urbanization in Ghana like elsewhere in Africa has been
associated with unsustainable features, such as rapid population
growth, extensive land assimilation, environmental degradation
and inadequate waste disposal systems (Pacione, 2009; Cobbinah
et al., 2015). In particular, rapid urbanization in Africa has been
demonstrated to proceed at the expense of agricultural land
(Vermeiren et al., 2013). Still, urban agriculture has persisted and
continues to provide food and employment for about 20 million
people in West-African cities alone (Cofie et al., 2003; Drechsel
and Dongus, 2010). These urbanization features eventually affect
stocks of SOM and nutrients directly or indirectly through
mechanical and/or chemical disturbance, changed management,
environmental changes and pollution (Lorenz and Lal, 2009;
Pouyat et al., 2010). The increased demand on land due to rapid
urbanization has intensified urban agriculture in West-African
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cities (McGregor et al., 2011; Vermeiren et al, 2013). This
situation directly affects the dynamics of SOM and nutrients,
as fallow periods that are typically needed to balance nutrients
in tropical soils drastically decreased (Lal, 2004; Bationo et al.,
2007). Some urban farmers have responded by irrigation and
higher fertilizer inputs, while others continue to depend on rain-
fed agriculture with little or no fertilizer inputs, as reported
for the city of Kumasi in Ghana (Drechsel, 2002; McGregor
et al, 2011). Such different management schemes may result in
different SOM stocks and nutrient dynamics, especially under
a rapidly increasing urban influence. Yet, there is very limited
knowledge on how urbanization is changing the properties of
tropical arable soils in West-Africa.

Few studies have analyzed the nutrient levels of arable soils
in some sub-Sahara African cities (Drechsel, 2002; Bellwood-
Howard et al, 2015). However, they are largely inconclusive
on the exact role of urbanization for these soils. For instance,
Bellwood-Howard et al. (2015) attributed the observed different
soil fertility trends of arable soils of Ouagadougou (Burkina-Faso)
and Tamale (Ghana) to their differences in climatic conditions
and fertilizer application, which may be independent of the
urbanization process in the respective cities. To our knowledge,
no study has yet specifically analyzed the role of urbanization for
SOM stocks in tropical arable soils of West Africa. Therefore,
in this study we systematically investigated SOM contents and
stocks of arable soils of Kumasi in Ghana, West Africa. The
aim of this work was to understand the potential of tropical
urban soils to support food production, which is an important
provisioning ecosystem service of urban soils in Ghana, as well
as in West-Africa as a whole. We analyzed pH, carbonate and
SOM concentrations of arable soils that had been in an urbanized
environment for different periods in time (<30 years vs. >30
years). Contents of heavy metals and exchangeable cations were
analyzed as well but are not in the focus of this article. This
systematic approach considerably advances the knowledge on the
potential of tropical soils for the provision of ecosystem services
in West-African cities.

MATERIALS AND METHODS
Study Area

Kumasi (Figurel) is the second largest city in Ghana
(after Accra, the capital) in terms of population and
socioeconomic functionality. Unlike Accra, Kumasi is known for
the production of considerable amounts of staples and vegetables
in its core and peripheral areas (Drechsel et al., 2007). There
are estimates that two out of three households in Kumasi have
urban gardens for food production (Drechsel et al., 2007). This
situation makes Kumasi particularly suitable for this study,
as soils used for urban farming can be sampled in all parts of
the city. Like most West-African cities that are undergoing
rapid urbanization, Kumasi’s population doubled from ~1 to
~2 million people between 2000 and 2010, exhibiting a rate
of 5.6% population growth per year (Ghana Statistical Service,
2014). This rate has made Kumasi the fastest growing urban
agglomeration in Ghana (Acheampong et al., 2017). Consistent
with (Drechsel, 2002), field reconnaissance revealed that the

crops that are mainly grown in the city of Kumasi include maize,
cassava, plantain and local vegetables. These crops are grown in
rain-fed agriculture, either in monoculture or in mixed cropping
systems (Figure 2). In addition, intensively irrigated vegetables
(e.g., spring onions and lettuce) are grown in monoculture to
some extent.

The city is located in the deciduous forest agro-ecological zone
of Ghana with a mean annual precipitation of 1,500 mm and a
bimodal rainfall pattern. The peaks of the rainy season occur
from May to June and from September to October (Dickson
etal., 1988). Monthly average temperatures range between 26 and
27°C. The relief is undulating at an altitude of 250-300 m above
sea level, and the soils are dominated by Ferric Acrisols (IUSS
Working Group WRB, 2014). Their parent rock is the Cape Coast
granite (Adu, 1992). The soils are generally strongly acidic with
low base saturation and moderate soil organic matter contents
(Adu, 1992).

Field Sampling Design and Approach

To investigate the influence of urbanization on arable soils,
a stratified sampling design was employed. In a first step,
we defined short-term and long-term strata, which were
distinguished based on the built-up class of a 1986 Landsat
satellite image of the Greater Kumasi metropolitan area that
was classified by Asabere et al. (in preparation; Figure 1).
Field sampling was conducted from August to September 2016.
The soils of the inner built-up area that were in an urban
environment already in 1986, thus having experienced >30
years of continuous urbanization, were denoted as long-term
urban soils (Figure 1). The soils of the peripheral areas that
became urban after 1986, thus having experienced <30 years of
continuous urbanization, were denoted as short-term urban soils
(Figure 1). To keep the factor soil type largely constant, a Ferric
Acrisol sub-group referenced in the local soil classification as the
Bomso-Asuansi/Nta-offin compound association (Adu, 1992) was
selected, and the boundaries of this mapping unit were used to
define the study area (Figure 1). This particular soil unit was
selected because it has a wide spatial coverage in both the core
and peripheral area of Kumasi. Despite the widespread practice of
dumping mixed organic/inorganic household waste on the urban
fields and the resulting omnipresence of artifacts, the percentage
of artifacts in the soils was still very low, and none of the soils
had turned into a Technosol or Anthrosol. A 1 x 1km grid was
overlaid within the boundaries of the selected soil unit as shown
in Figure 1.

To keep the factor land use/crop constant, the soil sampling
focused only on fields where maize was grown, either in
monoculture or mixed cultivation. Three maize fields per 1 x
1km grid cell were sampled as illustrated in Figure 1. In this
way, soils were sampled on altogether 206 maize fields, whereby
three replicates per maize field were taken. Thus, 618 soil samples
were taken from urban maize fields, including 357 samples from
long-term urban fields and 261 samples from short-term urban
fields. In addition, top soils of three rural arable maize fields (9
samples) and a forest within the city (9 samples) were sampled
for comparison. All samples were taken in steel cylinders (length
= 10cm, volume = 255.17 cm?®) that were vertically inserted
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FIGURE 1 | Kumasi agglomeration built-up area in 1986 showing the stratified grid-based sampling locations of the Ferric Acrisols. Sampling grids (1 x 1 km) closer to
the core of the city that were already urban in 1986, were denoted as long-term urban soils (>30 years with respect to the sampling year 2016), and those located in
the periphery that were not yet urban in 1986, were denoted short-term urban soils. Three fields per grid were sampled, whereby three replicates per field were taken.

from the soil surface, in order to obtain undisturbed top-soil
samples from 0 to 10cm soil depth. The fields were mostly
located in the backyards or frontyards of houses, on public
land adjacent to roads, open spaces and corners, and building
construction sites (Figure 2). They all appeared to be under rain-
fed agriculture without fertilizer inputs. Thus, the factors parent
material, soil unit, climate and cultivated crop were all largely
kept constant.

In addition to the 636 undisturbed top-soil samples, samples
were taken from a soil profile in the central part of the
study area. This soil profile, KS Profile 1 (Figure 1; Table 1),
a Ferric Acrisol, served as a reference profile for the Bomso-
Asuansi/Nta-offin compound association, since all 636 samples
of this study were taken from this soil unit. The profile was
exposed in a road cut located along the regional highway N6.
The soil has formed in a granitic colluvial deposit, overlying
the Cape Coast granite. It was described according to FAO
(2006) and classified according to IUSS Working Group WRB
(2014).

Laboratory Analysis

The soil samples were dried at 40°C and passed through a
2mm sieve to separate the coarse fragments from the fine
earth. Both were weighed. The coarse fragments included rock
fragments and anthropogenic materials, such as metal, wood,
plastic, leather, textile, charcoal, egg shells, animal bones etc. All
analyses were carried out on the fine earth fraction. Fine earth
subsamples were pulverized with a planetary ball mill for C and
N analysis. Total C (TC) and N (TN) contents were analyzed
by dry combustion with a CHN analyzer (LecoTruSpec). Soil
pH was measured in water at a soil:solution ratio of 1:5
(ISO 10390, 2005). Samples with pH > 6.0 were analyzed for
carbonate contents using the Scheibler method (Blume et al,
2011; Vuong et al., 2013). The carbonate contents were also
used for calculating soil inorganic carbon (SIC) contents. Soil
organic carbon (SOC) contents were obtained by subtracting SIC
from TC. To correct all results for residual water contents of
the 40°C-dried samples, ~10g fine earth was dried at 105°C
to gravimetrically determine the water contents. The samples
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FIGURE 2 | Some urban farms in Kumasi and their soil conditions. (A) shows a typical urban farm in the front yard of a residential home inside the city, (B,C) show
urban farms in and around uncompleted residential houses in the outskirts of the city. (D-F) show plastic, charcoal, as well as other organic and inorganic wastes that
are mostly disposed in these farms. Pictures taken in August to September 2016 by Stephen Asabere and Daniela Sauer.

TABLE 1 | Description of the soil profile KS Profile 1.

Horizon Depth (cm)

Description

Ah

ABt

Bt1

Bt2

2Btg1

2Btg2

2Btg3

2Btg4

2C

0-8

16-47

47-67

67-101

101-233

233-254

254-275

275-313

Color: brown (10YR 4/6); Texture: sandy clay loam; Structure: weak fine granular (very fine and fine); Consistence: non-sticky non-plastic; Rock
fragments: few fine quartz stones and gravels; Distinctness: clear and smooth boundary; pH 4.3.

Color: brown (10YR 4/6); Texture: sandy clay loam; Structure: weak fine granular (very fine and fine); Consistence: slightly-sticky non-plastic;
Rock fragments: few fine quartz stones and gravels; Distinctness: clear and smooth boundary; pH 4.4

Color: brown (7.5YR 4/6); Texture: clay loam; Structure: moderate subangular blocky (fine and medium); Consistence: slightly-sticky
slightly-plastic; Rock fragments: common fine quartz stones and gravels; Distinctness: gradual and smooth boundary; pH 4.8

Color: bright brown (7.5YR 5/8); Texture: clay loam; Structure: moderate to strong subangular blocky (fine and medium); Consistence: sticky
slightly-plastic; Rock fragments: abundant quartz coarse fragments; Distinctness: abrupt and smooth boundary; pH 4.5

Color: bright brown (7.5YR 5/8), with distinct medium to abundant reddish brown (5YR 4/4) mottles; Texture: clay loam; Structure: strong
angular and subangular blocky (fine and medium); Consistence: sticky slightly-plastic; Rock fragments: common to many quartz coarse
fragments, common to many muscovite and few ironstone concretions; Distinctness: diffuse and smooth boundary; pH 4.9

Color: reddish brown (5YR 4/8) with prominent, abundant reddish brown (5YR 4/4) mottles; Texture: clay loam; Structure: strong sub-angular
blocky (fine and medium); Consistence: sticky slightly-plastic; Rock fragments: common to many quartz coarse fragments, common to many
muscovite and few ironstone concretions; Distinctness: diffuse and smooth boundary; pH 4.7

Color: red (10R 4/6), with distinct abundant reddish brown (5YR 4/4) mottles; Texture: clay loam; Structure: strong angular blocky (fine and
medium); Consistence: sticky slightly-plastic; Rock fragments: few quartz coarse fragments, few muscovite; Distinctness: clear and smooth
boundary; pH 4.3

Color: red (10R 4/6), with distinct abundant reddish brown (5YR 4/4) mottles; Texture: sandy loam; Structure: rocky; Consistence: non-sticky
non-plastic; Rock fragments: few quartz coarse fragments, few muscovite; Distinctness: clear and smooth boundary; pH 4.4

Color: dark red (10R 3/6); Texture: sandy loam; Structure: strong angular blocky (fine and medium); Consistence: non-sticky non-plastic; Rock
fragments: few quartz coarse fragments, few muscovite; Distinctness: clear and smooth boundary; pH 4.5

were then further incinerated at 430°C in a muffle furnace for ~ Statistical Analysis

16h to determine SOM by loss on ignition (SOMyor) (Davies,  In order to identify effects of urbanization on soil properties, we
1974). All element contents were transformed to element stocks  tested all soil variables (analytical data) obtained for the long-
per 1 m?, considering bulk density and contents of coarse  term urban soils vs. the short-term urban soils with a set of
fragments.

linear mixed models (LMM) (Bates et al., 2015). In each model,
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a soil variable constituted the response, which was explained by a
categorical variable indicating whether the sample belonged to
a long-term or short-term urban soil. The model estimated a
fixed effect, which described the relative difference between the
long-term urban soils and the short-term urban soils with respect
to the selected soil variable. To account for spatial correlation
of data from the field triplicates, a field-level random effect
was added to the model. After fitting the models, the residuals
were tested for normality prior to further interpretation. 95%
confidence intervals (CI) were estimated around each of the
fixed effects by use of 500 parametric bootstrap simulations. Soil
variables with a CI excluding zero indicated significant influence
of urbanization (i.e., either long-term or short-term). Estimates
of the fixed effect above zero indicated that the value of the
respective variable was higher in long-term urban soils, whereas
estimates below zero indicated that the value of the variable was
lower in long-term compared to short-term urban soils. Beyond
this inference, the upper and lower limits of the CI were used to
further characterize the degree of confidence for the models.

A similar modeling approach was used to assess how bulk
density was affected by SOM content in these soils in the
context of urbanization, by analyzing the relationship between
soil bulk density and its predictor SOM content in the fine earth.
In the same way, the relationship between SOC concentration
(calculated as SOC = TC-TIC) and its predictor SOMpo1
concentration was tested, in order to check, whether the
commonly used SOC-SOM conversion factors are applicable to
these soils. The goodness of fit for the models was evaluated in
both cases by the coefficient of determination (r?).

To complement the model-based inferences, an unbiased
partitioning (Hothorn et al., 2006) for the binomial response
of the short-term and long-term urban soils was carried out.
The employed algorithm uses the complete dataset and, step
by step, splits it into homogenous sub-groups according to
the analyzed soil properties, thereby identifying the hierarchical
levels at which the various soil properties discriminate the
dataset. The hierarchical outcome, a dendrogram, finally also
shows the proportions of short-term and long-term urban soils
that correspond to a certain combination of soil properties. This
approach helps to evaluate, which soil variables do most clearly
discriminate short-term and long-term urban soils in Kumasi.
The dendrogram also showed, at which significant values the
classification into sub-groups happened. All statistical analyses
were conducted in R. Core Team (2017), using its extensions
“party” (Hothorn et al., 2006), “Ime4” (Bates et al., 2015), and
“MuMIn” (Barton, 2018).

RESULTS

Bulk Density, Coarse and Fine Fractions of
the Soils

The bulk densities of the long-term and the short-term urban
soils were both 1.39 4 0.01¢g cm™> (mean =+ standard error).
The model estimates of the response coeflicients and associated
confidence intervals were centered around zero, supporting this
result (Figure 3). The mean bulk density of the rural arable

Bulk density [g cm™] 4

C/N —eo—{

Coarse fragments [ % ]

Soil pH (water) fe]

0.0 25 5.0 75 10.0
Estimate and confidence intervals

FIGURE 3 | Estimated fixed effects of model coefficients and 95% confidence
intervals (Cl) of the linear mixed models for bulk density, C/N ratio, coarse
fragment content and soil pH (water), which compares the two urban soil
strata. Error bars that do not cross the zero line indicate statistical significance.

soils (1.33 4+ 0.04g cm™>) was slightly lower, and that of
the forest soils was again somewhat lower (mean = 1.28 +
0.05g cm™>; Figure 4). However, bulk densities of urban soils
showed greater variability than those of rural soils, including
several outliers (Figure4). Some of the urban soils showed
very low (<1g cm™3) or high (>1.6g cm™®) bulk densities.
Variability was greater in the long-term (range = 1.1g cm ™)
compared to the short-term (range = 0.72g cm~3) urban
soils.

The long-term urban soils had moreover considerably higher
contents of coarse fragments (mean = 16.1 £ 0.6%) compared
to the short-term urban soils (mean = 9.6 £ 0.6%; Figure 4),
whereby the model indicated a strong positive effect (Figure 3),
reconfirming that the long-term urban soils had significantly
more coarse fragments (~6% more), compared to the short-
term urban soils. Conversely, the amounts of fine earth per
dm~? (providing SOM, CEC, and nutrients) were lower in the
long-term compared to the short-term urban soils (Figure 3).
Generally, the constituents of the coarse fragments included a
mixture of rock fragments and anthropogenic materials, such
as metal, wood, plastic, leather, textile, charcoal, egg shells,
animal bones etc, which corresponded with field observations in
Figure 2.

Soil pH

Mean soil pH values for the forest soils and the rural arable soils
were pH 5.7 + 0.3 and pH 6.0 £ 0.1, respectively (Figure 4).
The urban soils exhibited substantially higher pH, with means of
pH 7.4 £ 0.1 for the long-term and pH 7.0 = 0.1 for short-term
urban soils (Figure 4). Within the urban soils, the pH of the long-
term urban soils was significantly higher (0.4 pH units) compared
to their short-term counterparts (Figure 3). In 197 urban soils,
including 155 long-term urban soils, pH was higher than pH 7,
reaching up to a maximum of pH 8.6 (Figure 4).
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Contents, Stocks and Quality of Soil
Organic Matter

SOM| o1 contents in the fine earth of the soils were significantly
higher (7.0g kg™! difference) in the long-term compared to
the short-term urban soils (Figures 5, 6). SOMo; bulk soil
contents and stocks of the long-term urban soils exceeded those
of the short-term urban soils, too (Figures 7, 8), however with
less confidence, as indicated by inclusion of zero in the output
confidence interval of the model (Figure 5). Further inspection
of the descriptive statistics generally supported this decreased
confidence, as the mean SOM; o fine earth contents of 50.8 =+
1.3gkg™! for the long-term and 43.9 + 1.1 g kg™ for the short-
term urban soils were more clearly differentiated, compared
to their SOMyop stocks of 5.6 & 0.1 and 53 £ 0.1kg m~2,
respectively (Table 2). The reason for the reduced confidence
regarding the differences of SOM stocks compared to SOM
contents is that the transformation of element contents to stocks
considered the coarse fraction (>2mm) of the soils, whereby
the soil volume occupied by the coarse fraction was regarded
as not contributing to SOM. The proportion of the coarse
fraction was increased in the urbanized soils due to artifacts,
thus counteracting the general increase of SOM contents in the
urbanized soils. The mean SOMj o1 stock of the forest soils (5.7

+ 0.5kg m?) was comparable to that of the long-term urban
soils, whereas the mean SOMj o1 stock of the rural arable soils
(4.3 £02kg m~2) was the lowest of all subsets of soil samples.
Thus, the urban arable soils, particularly those under long-term
urbanization, exhibited similar SOM stocks as those of soils
under tropical forest conditions in Kumasi.

Total carbon (TC) followed the same trend as SOMpor
(Figures 5-8), with the long-term urban soils having significantly
higher TC contents in their fine earth than the short-term urban
soils. Consistently, the contents and stocks of the bulk soils of
the long-term urban soils also exceeded those of the short-term
urban soils, but with less confidence.

The contents and stocks of soil inorganic carbon (SIC) in both
fine earth and bulk soils of the long-term urban soils significantly
exceeded those of the short-term urban soils (Figure 5; Table 2).
The upper limit of the model estimates might include zero (~0.1),
particularly for the bulk soil contents and stocks (Figure 5).
However, the descriptive statistics, such as the means (Table 2)
showed that SIC bulk soil contents and stocks in the long-term
urban soils were at least twice as high as in the short-term urban
soils.

Also, the soil organic carbon (SOC) contents and stocks of the
long-term urban soils exceeded those of the short-term urban
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soils (Figures 5-8; Table 2). Inspection of the model estimates,
however, resulted in a low confidence for both fine earth and bulk
soil SOC data (Figure 5). Mean SOC content and stock of the
urban soils (Table 2) were comparable to those of the forest soils
(content = 17.4 & 1.2 g kg~ !, stock = 1.9 & 0.2 kg m?), whereas
the rural arable soils had much lower mean SOC content and
stock (content = 12.0 £+ 1.0g kg~ !, stock = 1.4 + 0.1kg m?).
Thus, over all, the SOM| o1, TC and SOC fine earth and bulk soil
concentrations, and the corresponding stocks showed a gradual
decrease in confidence of the model estimates.

SOC data are commonly used to calculate SOM contents
of soils by multiplication with the factor 2.0 or 1.72 (Pribyl,
2010). These factors would correspond to SOC/SOM ratios of
0.5 and 0.58, respectively. However, the SOC/SOM| oy ratios of
the 636 topsoil soil samples of Kumasi exhibited a very wide
range, from 0.03 to 0.72. Their mean SOC/SOMj; ratio was
only 0.36 & 0.1, which corresponds to a SOC-SOM conversion
factor of 2.78. One sample showed a SOC/SOM] o ratio of 4.7,
which is impossible. For this particular sample, concentrations
of the SOC and TC in the fine earth was higher relative to
its SOM concentration, and thus the value was attributed to
analytical error from the LOIL This value was therefore not
included in the calculations. The SOC/SOM ratios of the short-
term and long-term urban soils were similar (Figure 9A). The
rural arable soils exhibited the highest mean SOC/SOM ratio of
0.46, whereas the forest soils showed a mean SOC/SOM ratio of
0.34 (Figure 9A). The relationship between SOC and SOMy o of
all samples from Kumasi (Figure 10A) can be expressed by the
equation SOC = 0.37 SOM[or (¥ = 0.89).

C/N ratios, commonly used to characterize SOM quality, were
calculated as SOC/TN. They ranged from 7.1 to 58.1, with four
samples showing C/N ratios above 25. Out of the four samples,
two with extreme C/N ratios of 55.1 and 58.1 belonged to the
short-term urban soils, and the other two, with C/N ratios of
36.4 and 31.2, belonged to the long-term urban soils. The four
maize fields from where these samples were obtained were all
characterized by massive household waste dumping. In general,
C/N ratios were significantly wider (by 1.3 units) in the long-
term urban soils, which showed a mean C/N ratio of 12.8 £ 0.2,
compared to the short-term urban soils that exhibited a mean
C/N ratio of 11.5 £ 0.2 (Figures 3, 9B). The mean C/N ratio of
the rural arable soils was 13.6 & 0.5, and that of the forest soils
was 11.5 & 0.3. Thus, the rural arable soils showed the highest
C/N ratios, whereas the forest soils had C/N ratios similar to the
short-term urban soils.

Relationships Between Bulk Density, SOM

and Other Soil Variables

As to be expected, bulk density showed a strong negative
relationship with SOM|o; concentration in the fine earth
(Figure 10B), which was supported by the model estimates
and confidence intervals (—88.6 to —71.8). A linear regression
equation BD = 1.6-0.004 SOMo;, was used to express this
relationship with » = 0.74. Similar model estimates and
coeflicients were also derived for the long-term and the short-
term urban soils (Figure 10B).

The dendrogram that was obtained from the recursive
partitioning (Figure 11) revealed that out of all variables that
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were investigated, only six clearly discriminated long-term from
short-term urban soils. These variables included (1) contents of
coarse fragments, (2) soil pH, (3) C/N ratios, (4) SOC stocks,
(5) SOMj 1 contents in the fine earth, and (6) SIC contents
in the bulk soils. At the highest hierarchical level, the samples
were split by the model into samples with <5.42 and >5.42%
coarse fragments. A combination of >5.42% coarse fragments
and soil pH > 7 included predominantly (~87%) long-term
urban soils. Also, the combination of >5.42% coarse fragments,
soil pH < 7, C/N > 10.09, and SOMpo; > 59.54g kg~!
included predominantly long-term urban soils. Conversely, the
two following combinations included predominantly short-term
urban soils: (A) <5.4% coarse fragments and C/N ratio <10.2,
(B) >5.4% coarse fragments, soil pH < 7, C/N ratio <10.09, and
SOC stocks >1.71 kg m2.

DISCUSSION

Effects of Urbanization on Bulk Density

and Coarse Fractions of Arable Soils
Soil bulk density in both short-term and long-term urban soils
was conducive to plant growth (Hazelton and Murphy, 2016)

and was only slightly higher than in forest and rural arable soils.
Thus, the physical conditions of the urban arable soils were still
intact, even under prolonged urban influence. The range of bulk
density data reported for maize fields in humid tropical regions
of Ghana and Zimbabwe were within a similar range as that of the
soils under maize in Kumasi (Minta, 1998; Zingore et al., 2008).
This range is also consistent with bulk density values reported for
soils in other cities around the world (Lorenz and Kandeler, 2005;
Smetak et al., 2007; Edmondson et al., 2011). Thus, contrary to
soils investigated e.g., by Jim (1998), Lehmann and Stahr (2007),
and Lorenz and Lal (2009), the bulk densities of urban soils of
Kumasi are conducive to plant growth.

Bulk density variability was greater in the long-term compared
to the short-term urban soils. This finding can be explained
by the types of urban activities in the direct vicinity of some
of the long-term urban maize fields. For instance, the field,
where the highest bulk density (1.73 g cm~3) was measured, was
located close to Kumasi airport, a bus station, a concrete block
production factory, and a major road, all of which involve human
activities that may lead to soil compaction. The field, where the
lowest bulk density (0.62g cm™>) was measured, was located
within the confines of an abandoned wood processing factory,
near Kaase industrial area. These two situations, though extreme,
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may serve as examples for the possible influence of urban and
industrial activities on soil physical properties in the Kumasi
area. Thus, the considerable variability in bulk density that was
found particularly for the long-term urban soils, can be attributed
to the exposure of some of these arable fields to various urban
influences, including anthropogenic compaction and deposition,
which may also increase surface run-oft and erosion, and thus
enhance soil degradation (Labriére et al., 2015). Such variability
is reminiscent of the general pattern of soil properties in urban
soils, as also observed in other cities around the world (Jim, 1998;
Schleuf et al., 1998; Pouyat et al., 2010).

Anthropogenic activities are also reflected in the coarse
fraction of the soils, which, in addition to rock fragments,
contained also various anthropogenic materials. Whereas, some
studies highlighted the nutrient contribution of coarse fragments
to soils (Corti et al., 2002), it is usually assumed that a high
rock fragment content rather has a diluting effect on the fine
earth nutrient stocks available to plants (Augustin et al., 1998),
as the nutrients are released rather slowly from weathering
rock fragments. In the case of the urban maize fields of
Kumasi, the nature of the coarse fragments, and their potential
to release elements to the soils, is very diverse. In addition
to rock fragments, the coarse fraction comprises household

and construction waste, including metal, plastics, textiles, etc.
The abundance of these materials is the most obvious direct
consequence of rapid urbanization for the arable soils of Kumasi.

It is well-recognized that one third to one half of solid waste
in most cities in the global south is not collected (Pacione, 2009).
Likewise, the inadequacy of waste disposal systems in Kumasi is
ubiquitous in Ghana (Fuseini and Kemp, 2016). This situation
was clearly reflected in the on-field observations made during
this study, as most of the arable fields also served as household
waste disposal sites. Hence, we conclude that the identified and
significantly higher coarse fragment contents of the long-term
urban soils compared to the short-term urban soils of Kumasi
are due to long-term continuous dumping on the fields.

Effects of Urbanization on Soil pH

Soil pH has great influence on soil chemical processes that
determine the behavior of nutrients and contaminants (Blume
et al.,, 2016). Hence, it is also an important influencing factor for
nutrient availability and plant growth. Whereas, acidification is
a natural process in most humid tropical soils, anthropogenic
activities may lead to alkanization (Blume et al., 2016). Soil pH
in the long-term urban soils of Kumasi was significantly higher,
compared to the short-term urban soils. Both, long-term and
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TABLE 2 | Mean contents and stocks of SOM variables in the long-term and the short-term urban soils.

SOM Long-term Short-term
variables
Fine earth contents Bulk soil contents Stocks in top Fine soil contents Bulk soil contents Stocks in top
@kg™) (gkg™") 10cm (kg m~2) gkg™) gkg™) 10cm (kg m~2)

SOM| ) 50.8 +1.3 418 +1.1 56+ 0.1 439 +1.1 39.3+1.0 53+0.1

TC 19.3+£0.7 1569+ 0.6 21 +041 16.3+ 0.4 145+04 20+0.0
SOC 182+ 0.6 15,0+ 0.5 2.0+ 041 16.0+ 0.4 142+0.3 1.9+04
*SIC 1.6+03 1.3+£02 0.2+0.0 0.5+ 0.1 0.5+ 0.1 0.1+0.0

*Mean was calculated on a subsample where n for Long-term = 249, Short-term = 143.

short-term urban soils, had higher pH (mean pH > 7) compared
to the rural arable soils and the forest soils. Consistent with
Adu (1992), the pH values of the rural arable soils and the
forest soils were in the usual range for these soils. Boateng et al.
(2006) and Quansah (2010) reported pH (water) 4.3-4.6 and pH
(water) 6.1-6.3, respectively, for arable maize fields on similar
soils in Ghana. Soil pH obtained for the urban arable soils in
Kumasi in this study were significantly higher than both (i.e.,
pH data from literature and our own pH data of rural and
forest soils). This clear difference indicates that arable soils in

Kumasi which become included in the urbanization process, are
influenced by anthropogenic activities that have a similar effect
as liming (Blume et al., 2016; Hazelton and Murphy, 2016),
although intentional liming as part of the management of the
fields is usually not done, as confirmed by field observations and
farmer interviews.

Possible reasons for the high pH (>7) in the urban soils
include in particular the release of alkaline leachates from
calcareous materials (Jim, 1998) and decomposing organic waste
(Boateng et al., 2006; Cofie et al., 2009). Both field and lab
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experiments confirmed that decomposition of organic matter
may increase the soil pH of tropical soils (Boateng et al., 2006;
Zingore et al., 2008; Cofie et al., 2009). In addition, the formation
of alkaline leachate from construction materials, such as building
sand and cement is very likely under the conditions of this study.
Similar to the situation in Kumasi, Jim (1998) reported higher
soil pH in urban soils of Hong Kong, compared to adjacent
natural soils, and attributed the increased pH to construction
waste. Such influence is very likely in Kumasi, too, as most of
the sampled arable fields in Kumasi were located within active
construction sites. This is a common situation in Ghana, as the
construction of a building usually takes at least 10 years (Yeboah
and Obeng-Odoom, 2010; Stow et al., 2016). Thus, many of
the urban arable soils were most likely under the influence of a
nearby construction site for at least 10 years and were possibly
used as repositories of construction materials for some time.
Carbonates (as contained in various construction materials) in
equilibrium with natural systems, such as soils are known to
exhibit a theoretical pH (water) ~8.5 (Brady and Weil, 2017), and
hence the presence of carbonate compounds in the urban soils is
another potential source of the high pH. In this regard, various
components of household waste that were identified in the urban
arable soils during fieldwork provide sources of such carbonate
solid phases, including e.g., eggshells, animal bones, batteries,
charcoal and ashes. Also, the detection and measurement of
carbonates in most of the urban soils with >pH 6 emphasizes
this point. For instance, two samples that had the highest SIC

stock of >2.0 kg m~2, were also amongst the three samples with
a >pH 8.6. Like the abundance of coarse fragments, the high
pH was another very clear consequence of rapid urbanization
that was identified in this study for the arable soils of Kumasi.
However, such high soil pH as observed in the urban arable soils
of Kumasi may induce phosphorus and micronutrient deficiency
(Jim, 1998). It remains, therefore, to be confirmed by further
studies, if this is the case for these soils.

Effects of Urbanization on SOM

SOMjo; contents and stocks of the long-term urban soils
generally exceeded those of the short-term urban soils, although
at various degrees of confidence. Considering the nature of the
coarse fragments and the observed anthropogenic activities on
and near the fields, it was evident that the measured LOI and
TC contents included not only typical SOM, but also artificial
combustible materials, such as fragments of textiles, plastics, and
charcoal amongst others. The abundance of SIC in the urban soils
strongly supported this assumption. The trends of SIC contents
and stocks, which were consistent with the trends of SOM| o1 and
TC contents and stocks, as well as those of soil pH and coarse
fragment contents, stressed the prominent role of household
waste on the urban arable soils.

These findings point to two main mechanisms related to rapid
urbanization. The first mechanism is the common practice of
dumping of household waste on urban arable fields, and more
specifically, the high proportion of organic materials in the
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household waste of Kumasi, which substantially contributes to
SOM stocks of the urban arable soils of Kumasi. The range of
SOM contents of urban soils of Kumasi was comparable to the
range found for soils under various urban land-use types in the
city of Baltimore, USA (Pouyat et al.,, 2002). Windmeijer and
Andriesse (1993) reported 24.5g kg™! SOC for West African
equatorial forests, which is also within the range of the SOC
contents of the urban arable soils of Kumasi. Prudencio (1993)
reported a range of 11-22g kg~! SOC for home gardens in
Burkina Faso, which is slightly less, compared to the arable soils
of Kumasi. Dicko (2016) reported SOC stocks of 1.02 kg m~2 for
maize fields in the Upper East region of Ghana, which is markedly
lower compared to the mean SOC stocks of the urban arable fields
in Kumasi.

The share of SOC in the SOMyo; of the arable soils in
Kumasi was about 37%, which is markedly lower compared to
the estimated 50 or 58% that are usually assumed in the common
conversion equations from SOC into SOM data (Pribyl, 2010).
Further studies are needed to confirm this finding, because in this
study, we calculated SOC contents as SOC = TC - SIC, whereby
SIC contents were determined by the Scheibler method, which is
less precise than the TC analysis by CN analyzer. Moreover, SOM
contents were calculated based on LOI, and in the case of Kumasi,
it is very likely that not only SOM but also the combustion of
fine material of disintegrated artificial materials contributed to

SOMyor (Chatterjee et al., 2009; Vuong et al., 2013). Despite these
uncertainties, the substantial difference in the proportion of SOC
in SOM (37% for Kumasi) suggests that the SOM of the urban
arable soils of Kumasi has a considerable lower proportion of
SOC than usually assumed for SOM (50 and 58%, respectively).
The potential contribution of artificial materials to the soil
carbon contents does apparently not lead to an increase in C/N
ratio, as the rural arable soils showed a mean C/N ratio of 13.6,
whereas the short-term urban soils exhibited a mean C/N ratio
of 11.5, and the long-term urban soils had a mean C/N ratio
of 12.8. Thus, the urban soils exhibited even somewhat lower
C/N ratios than the rural soils. A possible explanation for this
trend might be higher C/N ratios in the organic household waste,
as the latter is an important source of SOM in the urban soils,
in addition to crop residues of the maize plants. In contrast,
the SOM of the rural soils under maize has no such source in
addition to the maize plant residues. Only four out of the 618
urban soils exhibited C/N ratios above 25, indicating either a
lower quality of the SOM (Hazelton and Murphy, 2016), or a
contribution of charcoal. In general, the C/N ratio suggested
favorable characteristics of the SOM (Schipper et al., 2004) in
all arable soils (urban, rural, and forest) of Kumasi. The mean
C/N ratios of the soils analyzed in this study were similar to the
C/N ratios of 10.1-11.5 obtained for forest soils of Ghana by
Duah-Yentumi et al. (1998), and 14.9 £ 8.6 (mean =+ standard
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deviation) for many humid-tropical soils in general, as reported
by Post et al. (1985). The even slightly lower mean C/N ratio of
the long-term relative to the short-term urban soils indicates that
the quality of SOM in the arable soils of Kumasi is maintained
even under the prolonged influence of rapid urbanization.

Thus, by disposing household waste on their fields (through
mostly unplanned efforts), urban farmers in Kumasi cannot only
keep the SOM stocks of their soils at higher levels compared
to rural arable soils, but they may also maintain suitable C/N
ratios. Consistent to the explanation of increased SOM stocks and
decreased C/N ratios in urban soils by dumping of household
waste with low C/N ratio, Miezah et al. (2015) reported that
67% of municipal solid waste in Ghana is biodegradable. More
specifically, in Kumasi the proportion of biodegradable materials
was estimated to be 64%, in addition to 22% inert materials,
which are described to include e.g., ashes, sand and charcoal
(Asase et al., 2009). These estimates, therefore, suggest that
at least 86% of urban solid waste in Kumasi, which may be
uncollected due to inadequate waste management systems, thus
contributes significantly to SOM stocks.

The second main mechanism related to rapid urbanization,
is the accumulation of non-biodegradable household wastes
and construction materials, which dilute SOM and nutrient
concentrations measured in the fine earth fraction to varying
degree. This effect may explain why the differences between
short-term and long-term urban arable soils with respect to
SOMio1 and SOC stocks were less significant than those
with respect to the SOMpo; and SOC contents in the
fine earth fraction. In a related study, Asabere et al. (in
preparation) identified the nucleated urban expansion nature
of Kumasi, underscoring that areas that are closer to the core
of the city have been under longer urbanization with denser
population. Such progressively denser population however
leads to enhanced environmental degradation (Cobbinah and
Erdiaw-Kwasie, 2016), including e.g., enhanced accumulation
of municipal solid waste and rock fragments. Thus, we suggest
that the long-term urban soils that have been under continuous
urbanization for over 30 years and experienced an increase
in population density over this period, accumulated greater
amounts of uncollected waste and rock fragments than the
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short-term urban soils, whereby the accumulation proceeded in
a non-linear way but was enhanced as the population density
increased. The outcome of the recursive partitioning strongly
confirmed the importance of coarse fragments in discriminating
short-term and long-term urban soils.

The findings of this study strongly suggest that Kumasi
would benefit immensely from an integrated waste management
system (Asase et al., 2009). As demonstrated by Miezah et al.
(2015), 92% of urban residents in Ghana are willing to
separate their waste in order to benefit from the associated
environmental benefits. Thus, a promising way could be that
city authorities actively engage urban residents in municipal
solid waste management, provide the necessary infrastructure
for collecting non-biodegradable waste, allow the urban citizens
to separate biodegradable waste from other waste, and to use
their biodegradable waste, preferably after composting, as organic
fertilizer on their urban arable fields (Drechsel and Kunze, 2001;
Adamtey et al., 2009; McGregor et al., 2011). Such separation of
waste would moreover allow the city of Kumasi to expand the
lifespan of their single landfill site for a few more decades (Asase
et al., 2009).

CONCLUSION

The outcomes of this study demonstrate that SOM contents
and stocks of long-term urban arable soils in Kumasi have
been maintained and even increased, compared to short-term
urban arable soils. At the same time, coarse fragments (including
various kinds of artificial materials) that are related to rapid
urbanization have considerably accumulated in the long-term
urban arable soils. The study suggests that a general notion
that rapid urbanization eventually enhances soil degradation
(McGregor et al., 2011) needs to be differentiated. Urban arable
soils of Kumasi are different from urban soils in some other cities,
which have been described as highly modified, compacted, and
of poor quality that compromises ecosystem services provision
(Jim, 1998; Lehmann and Stahr, 2007; Lorenz and Lal, 2009).
Nevertheless, the findings in this study are in agreement with
recent studies, such as those of Edmondson et al. (2014), Joimel
etal. (2016), Tresch et al. (2018), which demonstrated that urban
arable soils may adequately support ecosystem provision in some
European cities.

In this study, direct interrelations between the SOM stocks
in urban arable soils and urban household wastes in the rapidly
urbanizing city of Kumasi have been identified. The obtained
knowledge on these interrelations may strengthen the theoretical
link between waste and soil sustainability, which is within
the broader soil-waste-water nexus framework for sustainable
resource management (Lal, 2013, 2014; Bouma, 2016). As
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